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Abstract
We analyze quasi-periodic oscillations in the angle-averaged (∆θcm ≃ 90◦ ± 25◦) excitation functions for the 24Mg +24 Mg elastic-
inelastic scattering and α-transfer channels on the energy interval Ecm = 44.86 − 47.76 MeV. The period of the energy structures,
≃0.81 MeV, is interpreted as inverse half-period (≃ 5 × 10−21 sec.) of coherent rotation of highly excited short-lived (≃ 3.6 × 10−21
sec.) chain of a length ≃ 30 fm. The rotational wave packet coherence survives (i) the energy relaxation (fully mixing ergodic
dynamics) for the strongly overlapping states with fixed total spin and parity values, and (ii) the strong perturbation of the motion
upon a change of the total spin. The present discussion rises a number of the questions. For example, is rotational coherence
of large molecules necessarily destroyed in the conventionally statistical limit of structureless non-selective continuum (for fixed
total spin and parity values) under the conditions of complete intramolecular energy redistribution and vibrational dephasing in the
regime of strong ro-vibrational coupling? For the slow cross-symmetry phase relaxation, quantum coherent superpositions of a large
number of complex configurations with, e.g., many different total angular momenta produce image of a rotation of macroscopic
object with classically fixed (single) total angular momentum. Suppose that the quantum coherent superpositions involving a very
large number of different good quantum numbers play a role, in a hidden form, in a formation of macroscopic world. Then why
these quantum superpositions are so stable against quick aging/decay of ordered complex structures preventing or slowing down
tendencies towards uniform occupation of the available phase space as prescribed by the random matrix theory? And what kind
of complex macroscopic phenomena may reveal traces of partially coherent quantum superpositions involving a huge number of
quantum-mechanically different integrals of motion behind of what is referred to as conservation laws in classical physics employed
for the description of the macroscopic world?
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Femtochemistry provides powerful tools in studying molec-
ular structure and dynamics in chemistry and biology [1], [2].
Nowadays, the use of ultrashort femtosecond and attosecond
laser pulses is a widely used technique for the real-time mon-
itoring of chemical reactions. One of the successes of femto-
chemistry is its ability for direct probe of vibrational and rota-
tional wave packets and their coherent evolution as classical-
like, essentially due to the quantum interference, system-
specific trajectories of a transitional state of a given chemical
reaction. Precondition for survival of the characteristic time
and length scales for the system-specific wave packet dynamics
is that the isolated intermediate complex is not in ergodic state.
This means that phase relaxation (dephasing) or dynamical de-
coherence [3], responsible for a spread of the wave packets, is
relatively slow, not faster than the life time of the intermediate
complex. This regime of incomplete mixing is beyond applica-
bility of random matrix theory [4] which addresses a featureless
universal behavior of complex systems in the ergodic limit of
complete lose of phase memory and uniform occupation of the
∗Corresponding author at: 68/15 John Cleland Crescent, Florey ACT 2615,
Australia
Email address: ksy1956@gmail.com (S. Kun)
available phase space (simple pictorial explanation of the do-
main of applicability of random matrix theory, for not experts
in the field, is given in Sect. V of [5]).
Unfortunately, the femtochemistry experimental methods are
inapplicable to study reactions which are not initiated by the
laser pulses. In particular, time evolution of heavy ion collisions
is not accessible for the direct monitoring. Additional experi-
mental difficulty to measure time scales of reactions involving
relatively light heavy ions is their short duration. Namely, time
resolution of order of zeptosecond (10−21 sec) would be needed
for an accurate reconstruction of heavy ion collisional dynam-
ics. Therefore, the only possible way to access time evolution
of heavy ion reactions is provided by the detailed energy de-
pendence of the cross sections, i.e. excitation functions. In this
respect, the most favorable situation is the presence of both fast
(direct) and time delayed processes [6], [7], [8], [9]. Then, un-
der the condition of a major contribution of direct processes, the
energy variations in the excitation functions are mainly given by
the interference between the collision amplitudes correspond-
ing to the direct and time delayed processes. Since the direct
process amplitude is energy smooth function, this allows to ob-
tain time dependent amplitude, P(t, θ) of the time delayed pro-
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cess [6], [7], [8], [9]. Clearly, the direct process plays a role of
the pump pulse switching on the clock at the initial moment of
time [8], [9]. When, for that or another reason, the interference
term between the amplitudes of the direct and time delayed pro-
cesses does not contribute to the cross section, the energy vari-
ations in the excitations functions originate from the modulus
square of the energy oscillating around zero amplitude, F(E, θ),
corresponding to the time delayed processes. In this situation,
an information on the time evolution, though not as complete
as in the presence of direct processes, is still encoded in the
incident energy dependence of the cross sections. Indeed, we
represent the cross section σ(E, θ) = |F(E, θ)|2 as
σ(E, θ) ∝
∫ ∞
−∞
dτ exp(iEτ/~) < P(t + τ/2, θ)
P(t − τ/2, θ)∗ >t (1)
with
< P(t + τ/2, θ)P(t − τ/2, θ)∗ >t=
∫ ∞
0
dt
P(t + τ/2, θ)P(t − τ/2, θ)∗. (2)
In the above relations, E > 0 is the total excitation energy, t
is the time, θ is the emission (scattering) angle and P(t, θ) ∝∫ E2
E1
dE exp(−iEt/~)F(E, θ) with P(t ≤ 0, θ) = 0 has a finite
time resolution, ∆t ≃ 2pi~/(E2 − E1).
Suppose that a pronounced quasi-periodic component, with
a period of δE, is present in σ(E, θ). From model independent
Eqs. (1) and (2), this implies quasi-periodicity or recurrences,
at least one recurrence, in P(t, θ) with a period of ≃ 2pi~/δE.
If, in addition, the quasi-periodic energy components correlate
for given well resolved different exit channels, this implies that
< P(t + τ/2, θ)P(t − τ/2, θ)∗ >t is significantly enhanced at
approximately the same, for these different correlated channels,
moments τ ≃ 2Mpi~/δE with M = 1, 2, ..., at least with M = 1.
Quasi-periodic structures in the excitation functions of heavy
ion collisions often reveal presence of non-statistical effects.
For example, the oscillating energy structures in the 24Mg +24
Mg elastic-inelastic scattering [10], [11] were interpreted in
terms of the highly excited coherently rotating hyper-deformed
intermediate complex [12]. However, the identification of the
non-statistical quasi-periodic structures from the analysis of the
cross section energy autocorrelation functions in [12] may look
questionable for the following reason. In the statistical regime
of random phases of the strongly overlapping resonance lev-
els with different total spin values, the energy autocorrelation
functions, C(ε), have a Lorentzian shape [13]. This result is ob-
tained for very long energy interval on which excitation func-
tions are measured. Yet, for the finite data range analysis of the
concrete experimental data sets, one encounters deviations from
the theoretical prediction, in particular, in the form of fluctua-
tions around the Lorentzians [14]. Therefore, even though the
oscillations in C(ε)’s have approximately the same period for
the different exit channels [11], [12], which is inconsistent with
the statistical interpretation, additional supportive argumenta-
tion for the quasi-periodic non-chaotic behavior is highly de-
sirable. The interpretation [12] in terms of the relatively stable
coherent rotation, for the slow phase relaxation, was based on
the assumption of the highly excited (≃ 10 − 15 MeV above
Yrast line) intermediate complex with strongly overlapping res-
onances. Therefore, it should be insightful to also test this
interpretation for transfer channels in the 24Mg +24 Mg colli-
sion. Do the energy oscillating structures, with the same quasi-
period as that for the 24Mg(24Mg,24 Mg)24Mg elastic-inelastic
scattering, present in the transfer channels? Affirmative answer
to this question would provide additional supportive indica-
tion that both 24 Mg(24Mg,24 Mg)24Mg elastic-inelastic scatter-
ing and the transfer reaction channels originate from the decay
of the same highly excited coherently rotating hyper-deformed
intermediate complex.
The reasonings presented above has motivated us to analyze
the angle-averaged, ∆θcm ≃ 90◦ ± 25◦, excitation functions for
the 24Mg+24 Mg elastic-inelastic scattering and α-transfer chan-
nels measured on the energy interval Ecm = 44.86−47.76 MeV
[15], which is considerably smaller than that (Ecm = 42 − 56
MeV) on which the data were taken in [10], [11]. The analy-
sis in [15] confidently confirmed the non-statistical behavior of
the energy structures in these processes. We extend the analysis
[15] concentrating on the quantitative interpretation of the pro-
nounced, transparently visible in Figs. 2 and 3 of [15], strongly
correlated for different channels, quasi-periodic energy struc-
tures.
In Fig. 1 we present the normalized cross section en-
ergy autocorrelations functions C(ε)’s constructed from the
summed deviation functions in Fig. 3 of [15]. In the up-
per panel of our Fig. 1, C(ε) is obtained from the three low-
est transitions in the reaction 24Mg(24Mg,20 Ne)28S i. In the
lower panel of our Fig. 1, C(ε) is obtained from addition
of the three lowest well resolved transitions in the reaction
24Mg(24Mg,20 Ne)28S i and the three lowest well resolved tran-
sitions in the 24Mg(24Mg,24 Mg)24Mg elastic-inelastic scatter-
ing (see Fig. 3 in [15]). The experimental C(ε)’s demonstrate
oscillations with the period close to that in Fig. 1 of [12].
Therefore, we fit the data with the formula [12]
C(ε ≥ 0)/C(ε = 0) ≃ Re{exp[ipiε/(~ω − iβ)][1 −
exp[ipi(ε + iΓ)/(~ω − iβ)]]−1}
/Re{1/[1 − exp[−piΓ/(~ω − iβ)]]}. (3)
Here, Γ is total decay width of the intermediate complex, ω is
a real part of the angular velocity of the coherent rotation and
β/~ has a physical meaning of its imaginary part with β being
the spin off-diagonal phase relaxation width [16]. One observes
that C(ε) (3) oscillates with period ≃ 2~ω. The oscillations are
damped for a non-vanishing β-width. The fit (solid lines in Fig.
1) is obtained with ~ω = 0.41 MeV, β = 0.02 MeV and Γ = 0.2
MeV. In the limit of short phase memory, β >> Γ, ~ω, C(ε) has
a Lorentzian shape [13], [4] (long-dashed lines in Fig. 1 with
Γ =0.2 MeV).
A few comments on the derivation and physical interpreta-
tion of Eq. (3), in relation to the analyzed data, are in order.
1) The starting point for the derivation of Eq. (3) is a di-
agonal approximation, with respect to the levels of the inter-
mediate complex, for S -matrix elements which can be justified
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Figure 1: (Color online) The normalized cross section energy autocorrelations
functions for the 24Mg(24 Mg,20 Ne)28S i reaction and 24Mg(24Mg,24 Mg)24 Mg
elastic-inelastic scattering. The data (dots) are obtained from the analysis of
the summed deviation functions in Fig. 3 of [15]. Solid lines are the fits for the
relatively pure angular resolution (though under the neglect of the interference
term between the near and far side collision amplitudes) obtained with ~ω =
0.41 MeV, β = 0.02 MeV and Γ = 0.2 MeV. The fit for the poor angular
resolution (short-dashed lines) is obtained with ~ω = 0.404 MeV, β = 0.0205
MeV and Γ = 0.17 MeV. The Lorentzians with Γ =0.2 MeV (long-dashed
lines) are obtained for the short spin off-diagonal phase memory, β >> Γ,~ω,
corresponding to the limit of the random matrix theory [4].
under the condition of the fast energy redistribution-relaxation
within the states with fixed total spin and parity values [5].
This diagonal approximation of the Bethe unitary S -matrix is
valid under the Bethe random sign assumption for partial width
amplitudes with given fixed total spin and parity values in a
regime of strongly overlapping resonances providing the par-
tial decay widths are small as comparing with the average level
spacing of the highly excited intermediate complex, see Sec-
tion 56D in [17]. It is important for the present consideration
that, unlike the shell-model approach (Section IV(A2) in [4]),
the formulation [17] leads to the Bethe unitary S -matrix which
is not restricted to the nucleon and γ-channels only but is also
applicable for binary collisions of composite reaction partners
including heavy ions. Indeed, the physical meaningfulness of
the diagonal approximation similar to that in [17] is recognized
for heavy ion induced collisions even for a multiple nucleon
cascade emission provided the reaction proceeds through an
equilibrated intermediate system [18]. We understand that the
equilibration in [18] implies (i) energy relaxation and ergod-
icity within the states with fixed total angular momentum and
parity values on each step of the evaporation cascade, and (ii)
the conventional assumption of a vanishing of the total spin
and parity off-diagonal correlations on each step of the evap-
oration cascade. Yet, while the entrance channel orbital mo-
mentum off-diagonal interference was neglected making direc-
tions along and opposite the incident beam undistinguishable,
the strong correlation between different orbital momenta of the
evaporated nucleons, on each step of the evaporation cascade,
assumed in [18] (Eqs. (5) and (6) in [18]) clearly contradicts to
the conventional postulate on maximal randomness of the par-
tial width amplitudes (Eq. (2.2) in [19]). We mention in pass-
ing that the orbital momenta correlations [18], if exist in reality,
may result in a complete uncertainty of the standard evaluation
of the spin dependence of the nuclear level densities from an-
gular anisotropy around 90◦ in the evaporation processes [20],
[21], where such orbital momenta correlations were ignored in
a literal consistency with the assumption on maximal random-
ness of the partial width amplitudes. As a next step, we extend
the argumentation [5] to justify the relations (8.1) and (8.2) in
[22] between the product of the entrance (a) and the exit (b)
channel partial width amplitudes for different J-values:
γJaν γ
Jb
ν =
∑
µ
γIaµ γ
Ib
µ QJIνµ + Rinc, (4)
where
QJIνµ = (1/pi)Dβ|J−I|/[(EJν−EIµ−(J−I)~ω)2+β2(J−I)2](5)
with EJν and EIµ being resonance energies for the states with
total spin values J and I, respectively. The relations (4) hold
true independent of whether the energy redistribution process
is taken explicitly into account or not [5]. We are interested in
a regime of strongly overlapping resonances, Γ/D ≫ 1, where
both the total decay resonance width Γ and the average level
spacing D are taken J-independent. Under the condition of rel-
atively slow spin off-diagonal phase relaxation, β ≪ Γ (but still
β ≥ D), Rinc in Eq. (4) can be neglected [22] for it produces
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insignificant contribution into the r.h.s. of Eq. (6). We obtain
S Jab(E) = W[|J − ¯J(E)|/d]1/2
∑
µ
γIaµ γ
Ib
µ /[E − ~ω(J − I)
−EIµ + (i/2)Γ + iβ|J − I|], (6)
where we have omitted energy smooth phase shifts which orig-
inate from the potential mean field scattering and direct inter-
action taking place on the relatively short time intervals of for-
mation and disintegration of the intermediate complex. In case
of elastic scattering, (a = b), the products γJaν γJbν and γIaµ γIbµ in
Eq. (4) and Eq. (6) should be changed to [(γJaν )2 − (γJaν )2
ν
] and
[(γIaµ )2 − (γIaµ )2
µ
], respectively [5]. In Eq. (6), W[|J − ¯J(E)|/d]
is the energy averaged decay probability. It was taken in a bell
shaped form with the maximum at J = ¯J(E) and with the width
d of about an effective range of total spin values coherently ex-
cited in the collision process. For the data analyzed in this Let-
ter this range is ∆J ≃ 34 − 38. In the derivation of Eq. (3),
we took ¯J(E) = I + (E − ¯E)/(~ω), where ¯E is the average en-
ergy corresponding to J( ¯E) = I ≫ 1. Under the neglect of the
interference term between the near and far side collision ampli-
tudes due to the angle-averaging, such a choice of ¯J(E) results
in C(ε) (3) to be approximately independent of d. However, for
the other choices, e.g. ¯J(E) = I = const, the additional damp-
ing factor, ≃ W[−|ε|/(d~ω)], would appear in the r.h.s. of Eq.
(3).
2) The data fitted in Fig. 1 were obtained from the angle-
averaged excitation functions, ∆θcm ≃ 90◦ ± 25◦. Yet, the
formula (3) was derived for the pure angle-resolution (though
under the neglect of the interference term between the near
and far side collision amplitudes as well as between direct and
time-delayed processes [12]). Generalization for the angle-
averaged excitation functions, ∆θcm ≃ 90◦ ± 25◦, yields the
additional damping factor in the r.h.s. of Eq. (3). This factor
is approximately given by sin2[ε∆θ/(23/2~ω)]/[ε∆θ/(23/2~ω)]2
with ∆θ = 50◦ = 0.88. The corresponding fit of the data on
the lower panel of Fig. 1 is obtained with ~ω = 0.404 MeV,
β = 0.0205 MeV and Γ = 0.17 MeV. Clearly, the additional
damping factor, due to the poor angular resolution, does not
affect quasi-period of the oscillations in C(ε).
3) The time dependent intensity, |P(t, θ)|2, closely relates to
the return probability for a finite time resolution, while modu-
lus square of Fourier component of P(t, θ), i.e. the cross section
(1), is analogous to the low-resolution version the spectrum [23]
providing the Bethe S -matrix diagonal approximation is appli-
cable (Eq. (260) and Section 56D in [17]). In our case the finite
time resolution is ~/Γ, and the spectrum is not resolved due to
the strong overlap of the resonance levels, Γ/D ≫ 1. Clearly,
C(ε) has a physical meaning of the autocorrelation function of
the low-resolution version of the spectrum [23].
In a view of the relatively short energy interval of the mea-
surements [15], ∆Ecm = 2.9 MeV, as comparing with Γ the stan-
dard evaluation of errors due to the finite data range [14] would
result in the statistical insignificance of the quasi-periodic struc-
tures in Fig. 1. However, the method of evaluation of the sta-
tistical uncertainties [14] is not applicable in the presence of
the S -matrix spin off-diagonal correlations for β ≪ Γ. The
essence of the matter can be explained as follows. Consider a
given realization of σI(E) = |S I
ab(E)|2, where S Iab(E) is given
by Eq. (6), i.e. like in [14]. Then, in a regime of strongly
overlapping resonances, the standard evaluation of errors due
to the finite data range [14] would be certainly applicable and
quasi-periodic oscillations in the corresponding C(ε), if occur
at all, would not be of the sufficient statistical significance for
the short energy interval, ∆Ecm = 2.9 MeV. Consider next
σ(E) = ∑qn=−q σI(E + 2n~ω), where n and q are natural num-
bers and n in the summation changes with the step of unity. For
q ≫ 1, σ(E) is close to periodic function with the period of
2~ω independent of actual realization of σI(E) the latter being
generated like in [14]. Clearly, the correspondent C(ε ≤ r~ω),
where 1 ≪ r ≪ q, will show periodic behavior even if it con-
structed from σ(E) restricted to the relatively short energy in-
terval ∆E ≃ (6 − 7)~ω. For q = 1 (the three terms in the sum),
similar to our case, σ(E) will not be exactly periodic but will
still have the strong quasi-periodic component which will show
up in the statistically significant way in the corresponding C(ε)
extracted even on the short energy interval ∆E ≃ (6 − 7)~ω.
The numerical simulations would represent the straightforward
way to demonstrate the statistically significant registration of
the quasi-periodicity for the short energy intervals. In a view of
a simplicity of the simulations these can be performed during
couple of days by a science or nowadays even, e.g., economy or
linguistic undergraduate student. The results could be reported,
e.g., during the workshop “Information and statistics in nuclear
experiment and theory ISNET-3” at the ECT∗ on November 16-
20, 2015. In addition to the 24 Mg +24 Mg collisions the simu-
lations may also include the 12C +24 Mg elastic and inelastic
scattering which demonstrate strong quasi-periodic structures
(Fig. 1 in [7]). This is not a joke for the issue needs clarifica-
tion because when one of us (S.K.) 15 years ago discussed the
experimentally observable oscillations in Fig. 1 of [7] with A.
Richter (previous Director of the ECT∗) he was told that these
oscillations are due to the finite data range effects and the data
are consistent with the random matrix description in terms of
Ericson fluctuations [4]. Then one of the questions to be an-
swered by the student is: How many statistically independent
generations, of the type of [14], of the excitation functions us-
ing the standard algorithms of the random matrix theory (the
standard statistical model) [4] must be performed in order to
reproduce the oscillations in Fig. 1 of [7]? Obviously the stu-
dent must have an optimistic vision for the future and be brave
enough to improve the world we live in. This is because the op-
position is too strong, crossed all possible red lines and, there-
fore, has nothing to lose [5]. For we are speaking about those
who demonstrated the inquisitory attitude and are killers of the
new ideas which does not leave much choice at this stage. We
do not mean here and put aside the Australian way proved to
bring this kind of attitude up to the national operational pol-
icy which, bedazzled by the ideas of universality of the random
matrix theory, is spiritually oriented on the future with no dis-
tinguishability between living human beings and corpses [5].
The work under the extended version of this Letter, where
the derivation of the cross section energy autocorrelation (3)
and some other relevant issues will be addressed, is under way.
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This will include a discussion of adequacy of the conventional
interpretation of the non-statistical structures in terms of iso-
lated resonances. For example, what is angular dependence of
C(ε), in particular, for the elastic 24 Mg(24Mg,24 Mg)24Mg scat-
tering in the presence of dominant potential scattering contri-
bution (θ ≤ 70◦), predicted within our treatment in terms of
the coherent rotation of the intermediate complex with strongly
overlapping resonances as compared with that resulted from the
interpretation in terms of isolated resonances as identified in
[24]?
Stability of the coherent rotation may be appreciated by
noticing that the spreading of the angular orientation during one
revolution due to the finite β-width is 2piβ/~ω ≃ 15◦. There-
fore, it takes about 10 complete revolutions, i.e. ≃ 10−19 sec.,
for the complex to loose the coherent nature of its rotation. En-
ergy relaxation time scale for excited nuclei is ≃ ~/Γspr ≃ 10−22
sec., where Γspr ≃ 5 MeV is the spreading width [4]. We ob-
serve that the coherent rotation persists for about three orders of
magnitude longer than it takes to complete a process of energy
equilibration (vibrational relaxation by the molecular physics
terminology).
The strong channel correlation between individual well re-
solved channels in both the 24 Mg(24Mg,24 Mg)24Mg elastic-
inelastic scattering and 24 Mg (24Mg,20 Ne)28S i transfer reac-
tion, as well as between the channels for these two processes,
is transparently visible in Fig. 2 of [15]. Therefore, it is ob-
vious that strongly correlated regular oscillations with the ap-
proximately channel-independent quasi-period, ≃ 0.81 MeV,
are present in all the six channels. This rules out statistical ori-
gin of these strongly correlated quasi-periodic structures and,
therefore, their interpretation in terms of Ericson fluctuations
[13]. This is because Ericson fluctuations, which is a particu-
lar case of the Bethe statistical fluctuations (to be reported in
the extended version of this Letter), produce uncorrelated, for
different channels, irregular energy structures. As a result, the
deviations from the Lorentzian must be uncorrelated for differ-
ent channels instead of demonstrating regular oscillations with
the approximately channel-independent quasi-period for all the
six channels. The fact that the present analysis of the data on
the energy interval Ecm = 44.86 − 47.76 MeV revealed a value
of the quasi-period, ≃ 0.81 MeV, very close to that obtained
for the much longer energy interval Ecm = 42 − 56 MeV [12],
supports our interpretation. A possibility of further test of our
interpretation, e.g. for the 24 Mg(24Mg,24 Mg)24Mg elastic scat-
tering, is suggested by the expected dominance of direct pro-
cesses (potential scattering) for θ ≤ 70◦ (see Figs. 6 and 7 in
[24]). Then the energy variations in the excitation functions
originate mainly from the interference between the collision
amplitudes corresponding to the direct and time delayed pro-
cesses. As a result, the characteristic quasi-periods of leading
harmonics in σ(E, θ) become strongly θ-dependent [7], [8], [9],
which can be tested in experiments with pure angular resolu-
tion. We mean the numerical experiments against the previ-
ously measured relevant available data since the experimental
excavation into the matter as well as the understanding of the
underlying phenomena are no longer among interests of the nu-
clear physics community.
The numerical experiments are useful to illustrate simple al-
gorithms of transforming/processing the complex quantum in-
formation. The initial wave packet is given by a coherent su-
perposition of partial waves with different orbital momenta de-
scribing the colliding objects in their ground states. In a process
of the collision the initial quantum superpositions are trans-
formed into the coherent superpositions of a large number of
strongly overlapping resonance configurations of the interme-
diate complex with different total spin values. The spin off-
diagonal correlations produce the coherent rotation of the in-
termediate complex with a well defined angular velocity. Yet,
the intermediate complex represents a quantum superposition
of the two objects simultaneously rotating in opposite direc-
tions. For these coherently rotating in opposite directions al-
ternatives, each of them individually is itself result of the spin
off-diagonal quantum interference, produce interference fringes
[9]. For small β-width, the rotating wave packets slowly spread
and interference fringes, related to the spin off-diagonal cor-
relations, disappear [25]. In this way the complex collision
experiments provide a physical visualization of executing the
quantum computing algorithms for a simple description of the
quantum-macroscopic transition, where the convergence to the
macroscopic-like dynamics (rotation) on the final stage of the
“calculations” is due to partial dynamical decoherence but still
images essentially from the quantum interference. Each step
of the “quantum computing”, presumably run by nature, can
be easily mapped on the fundamental double slit experiment
(since the many slit experiment is a combination of the double
slit ones). The double slit experiment “has been designed to
contain all of the mystery of quantum mechanics ...” [26] and,
Feynman continues, “Any other situation in quantum mechan-
ics, it turns out, can always be explained by saying, ’You re-
member the case of the experiment with the two holes? It’s the
same thing’.” [26]. The above simple picture of transformation
of the complex quantum information is noticeably supported by
the state of art numerical simulations for, e.g., H+D2 →HD+D
molecular reaction (Fig. 1 in [27]) even though the calcula-
tions [28] rules out a picture of the isolated resonances of the
intermediate complex (Fig. 1 in [28]). We mention in passing
that the described above algorithms are incompatible with ba-
sic ideas of the random matrix theory as applied to classically
chaotic systems [4]. Therefore it is inappropriate to rely on
mentality of indistinguishability and selective blindness of the
random matrix theory [5], which unfortunately found its way
beyond the mere academic and education activities, as a point
of reference in discussing the above mentioned system specific
algorithms.
Angular velocity of coherent rotation, ω, can not be defined
within the states with fixed J-value. This transparently follows
from the conjecture [5] which relates QJIνµ (5) to the spin off-
diagonal correlations between squares of the individual reso-
nance wave functions of the intermediate complex. Indeed, it is
obvious that distribution of the spacial density, including the ra-
dial extension, is different for the state with fixed J-value from
that for the coherently rotating intermediate complex. There-
fore, energy of the coherent rotation as well as the associated
moment of inertia and, thus, the characteristic length scale of
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the coherently rotating intermediate complex are also undefin-
able within the states with fixed J-value.
Let us assume that the coherent rotation may be considered
as the macroscopic motion. Then, an assumption of the spher-
ical intermediate complex having rigid body moment of inertia
is ruled out for, in this case, ~ω ≃ 4 MeV, resulting in the ro-
tational energy (≃ 70 Mev) which exceeds the total excitation
energy (≃ 60 − 63 MeV). Instead, the small value of ~ω ≃ 0.4
MeV, corresponding to the period of the rotation ≃ 10−20 sec,
indicates an anomalously strong deformation of the coherently
rotating complex with J ≃ 34 − 38. We calculate moment of
inertia of this coherently rotating complex, Jcoh, and find that
it corresponds to a chain-state of the length ≃ 30 fm. This is
close to the length ≃ 24 fm of the chain of four touching carbon
nuclei, calculated with r0 = 1.3 fm. We evaluate deformation
energy of the chain as a sum of Coulomb energy of the two
touched 24Mg nuclei and double Coulomb energy of the two
touched 12C nuclei. For r0=1.3 fm, this gives ≃38 MeV for the
deformation energy. The energy of the coherent rotation, for
J ≃ 34 − 38, is ≃ 7 MeV. Therefore, the energy of the intrin-
sic excitation (heat) is estimated ≥ 15 MeV, i.e. our “carbon
sausages” are really hot.
Let us evaluate average level spacing (D) of the intermediate
complex with J ≃ 34−38. We use the standard statistical model
formula (the Weisskopf evaluation [29], [30], [31]) for the total
decay width with fixed (J, pi)-values: Γ = (1/2pi)Dn ¯T . Here, n
is a number of the open channels and ¯T is the averaged over the
channels transmission coefficient. The total number of chan-
nels, specified by the channel spins, orbital momenta and inter-
nal quantum numbers of the fragments, for the 24Mg +24 Mg
elastic and inelastic scattering, up to excitation of the (6+,4+)
states of the 24Mg collision fragments, is 57. We estimate num-
ber of the α-transfer and two-α-transfer channels and the proton
and α-emission channels to be ≃ 200, where we have taken into
account all possible the channel spins and orbital momenta for
given internal quantum numbers of the fragments. Then our es-
timate is n ≃ 250. Since the heavy ion collisions under consid-
eration are characterized by a closeness to the potential barrier
(centrifugal plus Coulomb barriers) or even are sub-barrier, and
the proton and α-particle evaporation is mostly sub-barrier, we
estimate ¯T ≃ 0.5. Then, for Γ = 0.2 MeV, we obtain D ≃10
keV. This indicates the relatively weak coupling to the contin-
uum, Γ/(nD) ≃ 0.08, in the regime of strongly overlapping res-
onances, Γ/D ≃ 20. Therefore the Bethe diagonal approxi-
mation (Section 56D in [17]) obtained from the Bethe unitary
S -matrix for binary reactions involving complex collision part-
ners is applicable (to be presented in the extended version of
this Letter).
Note that the standard statistical model evaluation [17], [31],
[32], for the intrinsic excitation of 15 MeV of the intermediate
nucleus, yields D ≃0.01-0.1 keV. This is 2-3 orders of mag-
nitude smaller than the average level spacing evaluated above.
We interpret this reduction of D as an indication of a sizable ad-
mixture of clustering configurations in the wave function of the
highly excited strongly deformed intermediate complex with
large spin values J ≃ 34 − 38. These clustering configura-
tions should not be considered as vibrational modes of the lin-
ear chain of four carbon nuclei each being in its ground state.
Indeed it seems hardly probable that such a configuration would
be stable with respect to decay. Therefore, it is perhaps more
realistic to consider the hyper-deformed highly excited states as
the approximately linear chain of four relatively heavy clusters
in combination with some “valent” nucleons and α-particles.
Up to now the idea of rotational coherence of ergodic, with
respect to the energy and phase relaxation within the states
with fixed J-values, nuclear molecules in continuum has been
employed to extract spectroscopic information (~ω,Jcoh) from
dynamics for a few colliding systems, e.g., 58Ni +58 Ni [33],
58Ni+62 Ni [33], [34], 46Ti+58 Ni [34], 12C+24 Mg [6], [7], [8],
[9], 24 Mg+24 Mg and 28S i+28 S i [12], 24Mg+28 S i [35]. There-
fore, it may be of interest to apply this method for analysis of a
large number of available data sets for many heavy ion colliding
systems. On the other hand, the question is whether the stable
coherent rotation survives violation of rotational symmetry and
other external perturbations of the Hamiltonian? The conjec-
ture [5] offers a possible specification of this question in terms
of the correlation properties of eigenstates of the intermediate
complex.
Experimental manifestation of rotational coherent motion in
complex molecules was initially met with scepticism “because
of the general belief that Coriolis interactions, anharmonicity
and other interactions would destroy the coherence.” (see sub-
section “Changing a Dogma: Development of RCS” in [2]).
The present discussion leads us to ask: Is rotational coherence
of complex molecules necessarily destroyed in the convention-
ally statistical ergodic limit of structureless (non-selective) con-
tinuum under the conditions of complete intramolecular energy
redistribution (thermalization) and vibrational dephasing in the
regime of strong ro-vibrational coupling? Though challenging
experimentally, the subject is of interest to search for finger-
prints of transformation of the quantum coherent wave packet
dynamics into macroscopic motion. More specifically, in the
quantum regime, the spreading of the wave packets is deter-
mined by β-width, which has essentially quantum origin of the
spin off-diagonal correlations [5]. Then what is a classical ana-
log of β-width, for classically chaotic systems, when macro-
scopic non-linear dynamics takes over from the coherent rota-
tion of the spreading quantum wave packets? Addressing the
questions above should include a comparison of the nature of
the dephasing analyzed in [1] with that discussed in this Letter
(see also [5] and references therein).
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